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We  have  used  in-situ  transmission  electron  microscopy  to  reproduce  appropriate  experimental  conditions  typical  for  field-assisted  sintering, 
with  the  goal  to  identify  mechanisms  that  lead  to  field-assisted  densification.  Following  studies  by  Raj  and  co-workers  initial  experiments 
focused  on  3wt%  Y-stabilized  Zr02.  This  approach  required  the  development  of  techniques  to  evaluate  densification  during  through  TEM 
imaging,  and  assisting  the  development  of  new  techniques  to  expose  nanoparticles  to  non-contacting  electrostatic  fields  at  temperatures  as 
high  as  900  centigrade.  We  have  also  performed  detailed  microstructure  characterizations  of  flash  sintered  samples  of  the  same  material, 
which  was  until  then  mostly  absent  from  the  literature.  We  discovered  that  electrode  effects  as  well  as  inhomogeneous  field  strength 
throughout  the  green  body  during  flash  sintering  lead  to  non-homogeneous  microstructures.  We  expect  that  therefore  physical  properties 
may  be  inhomogeneous  depending  local  distance  to  the  electrodes  during  flash  sintering  processing.  Characterization  of  physical  properties 
was,  however,  outside  the  scope  of  this  project. 
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Initially  during  this  project  we  used  in-situ  transmission  electron  microscopy  to  reproduce  appropriate  experimental  conditions 
typical  for  field-assisted  sintering.  Following  studies  by  Raj  and  co-workers  initial  experiments  focused  on  3wt%  Y-stabilized 
Zr02.  This  approach  required  the  development  of  techniques  to  evaluate  densification  during  through  TEM  imaging,  and 
assisting  the  development  of  new  techniques  to  expose  nanoparticles  to  non-contacting  electrostatic  fields  at  temperatures  as 
high  as  900  centigrade. 

A  new  technique  to  quantitatively  obtain  densification  curves  by  TEM 

Studying  particle-agglomerate  systems  compared  to  two-particle  systems  elucidates  different  stages  of  sin-  tering  by  monitoring 
both  pores  and  particles.  We  report  on  in  situ  sintering  of  3%  yttria-stablized  zirconia  particle  agglomerates  in  the  transmission 
electron  microscope  (TEM).  Real-time  TEM  observations  indicate  neck  formation  and  growth,  particle  coalescence  and  pore 
closure.  A  MATLAB-based  image  processing  tool  was  developed  to  calculate  the  projected  area  of  the  agglomerate  with  and 
without  internal  pores  during  in  situ  sintering.  We  demonstrate  the  first  densification  curves  generated  from  sequentially 
acquired  TEM  images.  The  in  situ  sintering  onset  temperature  was  then  determined  to  be  at  960  °C.  Densification  curves 
illustrated  that  the  agglomerate  projected  area  which  excludes  the  internal  observed  pores  also  shrinks  during  in  situ  sintering. 
To  overcome  the  common  projection  problem  for  TEM  analyses,  agglomerate  mass-  thickness  maps  were  obtained  from  low 
energy-loss  analysis  combined  with  STEM  imaging.  The  decrease  in  the  projected  area  was  directly  related  to  the  increase  in 
mass-thickness  of  the  agglomerate,  likely  caused  by  hidden  pores  existing  in  the  direction  of  the  beam.  Access  to  shrinkage 
curves  through  in  situ  TEM  analysis  provides  a  new  avenue  to  investigate  fundamental  mechanisms  of  sintering  through  directly 
correlating  microstructural  changes  during  consolidation  with  mesoscale  densification  behavior.  This  work  was  published  in 
Ultramicroscopy  Vol  152  (2015),  page  35-43 

Experimental  proof  that  electrostatic  fields  can  cause  moderate  densification 

Electric  field-assisted  sintering  techniques  demonstrate  accelerated  densification  at  lower  temperatures  than  the  conventional 
sintering  methods.  However,  it  is  still  debated  whether  the  applied  field  and/or  resulting  currents  are  responsible  for  the 
densification  enhancement.  To  distinguish  the  effects  of  an  applied  field  from  current  flow,  in  situ  scanning  transmission  electron 
microscopy  experiments  with  soft  agglomerates  of  partially  stabilized  yttria-doped  zirconia  particles  are  carried  out.  A  new 
microelec-  tromechanical  system-based  sample  support  is  used  to  heat  particle  agglomerates  while  simultaneously  exposing 
them  to  an  externally  applied  noncontacting  electric  field.  Under  isothermal  condition  at  900  °C,  an  electric  field  strength  of  500 
V=cm  shows  a  sudden  threefold  enhancement  in  the  shrinkage  of  the  agglomerates.  The  applied  electrostatic  potential  lowers 
the  activation  energy  for  point  defect  formation  within  the  space  charge  zone  and  therefore  promotes  consolidation.  Obtaining 
similar  magnitudes  of  shrinkage  in  the  absence  of  any  electric  field  requires  a  higher  temperature  and  longer  time.  This  work 
was  published  in  Physical  Reviews  Letters  Vol  114  (2015),  page  195503 

In  a  collaboration  with  researchers  at  LLNL  we  have  used  our  in-situ  TEM  expertise  to  assess  nanoparticle  rotation  during 
thermal  sintering. 

Rotation  during  nanoparticle  coalescence 

Dislocation  mediated  alignment  processes  during  gold  nanoparticle  coalescence  were  studied  at  low  and  high  temperatures 
using  molecular  dynamics  simulations  and  transmission  electron  microscopy.  Particles  underwent  rigid  body  rotations 
immediately  following  attachment  in  both  low  temperature  (500  K)  simulated  coalescence  events  and  low  temperature  (-315  K) 
transmission  electron  microscopy  beam  heating  experiments.  In  many  low  temperature  simulations,  some  degree  of 
misorientation  between  particles  remained  after  rigid  body  rotations,  which  was  accommodated  by  grain  boundary  dislocation 
nodes.  These  dislocations  were  either  sessile  and  remained  at  the  interface  for  the  duration  of  the  simulation  or  dissociated  and 
cross-slipped  through  the  adjacent  particles,  leading  to  improved  co-  alignment.  Minimal  rigid  body  rotations  were  observed 
during  or  immediately  following  attachment  in  high  temperature  (1100  K)  simulations,  which  is  attributed  to  enhanced  diffusion 
at  the  particles'  interface.  However,  rotation  was  eventually  induced  by  {1 11}  slip  on  planes  parallel  to  the  neck  groove.  These 
deformation  modes  led  to  the  formation  of  single  and  multi-fold  twins  whose  structures  depended  on  the  initial  orientation  of  the 
particles.  The  driving  force  for  {111}  slip  is  attributed  to  high  surface  stresses  near  the  intersection  of  low  energy  {1 11}  facets  in 
the  neck  region.  The  details  of  this  twinning  process  were  examined  in  detail  using  simulated  trajectories,  and  the  results  reveal 
possible  mechanisms  for  the  nucleation  and  propagation  of  Shockley  partials  on  consecutive  planes.  Deformation  twinning  was 
also  observed  in-situ  using  transmission  electron  microscopy,  which  resulted  in  the  co-alignment  of  a  set  of  the  particles'  {111} 
planes  across  their  grain  boundary  and  an  increase  in  their  dihedral  angle.  This  constitutes  the  first  detailed  experimental 
observation  of  deformation  twinning  during  nanoparticle  coalescence,  validating  simulation  results  presented  here  and 
elsewhere.  This  work  was  published  in  Acta  materialia  Vol  120  (2016),  page  364-378 

Following  the  success  of  FLASH  sintering  published  in  the  literature  despite  the  absence  of  any  extensive  microstructure 
characterization  we  have  initiated  detailed  investigations  of  electrode  effects  during  flash  sintering,  and  microstructure  evolution 
during  flash  sintering. 

Electrode  Effects  during  FLASH  Sintering 

Systematic  microstructural  statistics  for  3  mol%  yttria-stabilized  zirconia  synthesized  by  both  conventional  sintering  and  flash 
sintering  with  AC  and  DC  current  were  obtained.  Within  the  gage  section,  flash  sintered  microstructures  were  indistinguishable 
from  those  synthesized  by  conventional  sintering  pro-cedures.  With  both  techniques,  full  densification  was  obtained.  However, 
from  both  AC  and  DC  flash  sintered  specimens,  heterogeneous  grain  size  distributions  and  residual  porosity  were  observed  in 
the  proximity  of  the  electrodes.  After  DC  sintering,  an  almost  400  times  increased  average  grain  size  was  observed  near 
cathode  compared  to  the  gage  section,  unlike  areas  close  to  the  anode.  Concepts  of  Joule  heating  alone  were  not  sufficient  to 


explain  the  experimental  observations.  Instead,  the  activation  energy  for  grain  growth  close  to  the  cathode  is  lowered 
considerably  during  flash  sintering,  hence  suggesting  that  electrode  effects  can  cause  significant  heterogeneities  in 
microstructure  evolution  during  flash  sintering.  Microstructural  characterization  further  indicated  that  microfracturing  during 
green-pressing  and  variations  in  contact  resistance  between  the  electrodes  and  the  ceramic  may  also  contribute  to  grain  size 
gradients  and  hence  local  variations  of  physical  properties.  This  work  was  published  in  Journal  of  American  Ceramic  Society 
Vol  99  (2016),  page  2253 
Microstructure  Evolution  during  FLASH  Sintering 

Systematic  statistical  analysis  of  the  microstructural  changes  in  3^mol%  yttria-stabilized  zirconia  was  performed  after  flash 
sintering  by  alternating  current  (AC).  The  micrographs  in  the  gauge  section  of  the  specimen  were  identical  to  those  from  DC 
flash  sintered  samples  while  no  evident  electrode  effect  was  present  for  AC  flash  sintered  samples.  However,  finite  element 
modeling  revealed  a  temperature  gradient  from  the  surface  to  the  volume  of  the  sintered  body.  Microstructure  gradients,  across 
the  width  of  gauge  section,  were  revealed  for  the  AC  flash  sintered  sample.  Classical  grain  growth  models  due  to  Joule  heating 
were  insufficient  in  justifying  the  microstructural  evolution  under  the  simulated  temperature  distribution.  Bimodal  grain  diameter 
distributions  in  flash  sintered  samples  were  observed.  Therefore,  it  is  proposed  that  faster  grain  growth  mechanisms  activated 
on  a  fraction  of  the  grains  by  electric  field/current  occurred  during  flash  sintering,  and  is  responsible  for  the  instantaneous  grain 
growth.  This  work  was  published  in  Materials  and  Manufacturing  Processes  Vol  32  (2016),  page  549 

SUMMARY: 

Funding  by  the  Army  Research  Office  has  allowed  us  to  perform  unprecedented  in-situ  TEM  experiments  to  for  the  first  time 
proof  that  electrostatic  fields  can  contribute  to  ceramic  particle  densification  in  the  absence  of  any  current  flow.  This  was 
previously  hypothesized  in  the  literature,  but  no  conclusive  proof  was  heretofore  available.  To  enable  such  experiments  we  had 
to  develop  new  image  analysis  techniques  to  determine  quantitative  densification  curves  from  TEM  experiments  that  by  design 
only  consider  powder  agglomerates  with  limited  size  and  under  vacuum  conditions.  However,  the  results  demonstrated  the 
mechanisms  leading  to  field-assisted  densification.  Another  major  contribution  thanks  to  this  project  was  the  microstructure 
characterization  of  FLASH-sintered  ceramics,  highlighting  electrode  and  field  effects  leading  to  inhomogeneities  in  density  and 
grain  size  throughout  the  sintered  body. 

The  results  of  this  3-year  study  were  published  with  high  visibility  in  1 4  article,  lead  to  at  least  21  invited  talks  at  international 
conferences  and  seminars,  and  resulted  in  the  PI  receiving  the  Richard  Fulrath  Award  of  the  American  Ceramic  Society. 

Technology  Transfer 

We  have  purchased  electro-thermal  devices  form  Protochips,  Inc.  located  in  Raleigh,  NC.  While  the  devices  were  still  under 
development  and  proved  inadequate  for  the  required  experiments,  we  have  collaborated  with  the  company  to  refine  the 
devices.  Our  contribution  was  in  the  characterization  of  W  electrodes  on  MEMS  devices.  Postdoc  Majidi  performed  electrical 
resistance  measurements  of  the  electrodes  before  and  after  their  utilization  at  900  centigrade  to  quantitatively  evaluate  the  field 
strength  applied  during  our  in-situ  densification  experiments. 


